Burkholderia mallei is a highly infectious gram-negative pathogen and is the causative agent of human and animal glanders. By generating polar mutations (disruption of bsaQ and bsaZ) in the B. mallei ATCC 23344 animal pathogen-like type III secretion system (TTS), we demonstrate that this bacterial protein delivery system is required for intracellular growth of B. mallei in J774.2 cells, formation of macrophage membrane protrusions, actin polymerization, and phagosomal escape. These findings suggest that TTS plays a role in the intracellular trafficking of B. mallei and may facilitate cell-to-cell spread via actin-based motility.
Burkholderia mallei is the etiologic agent of glanders and is a gram-negative, oxidase-positive, nonmotile bacillus that is a facultative intracellular pathogen (3) . The natural hosts for B. mallei are horses, donkeys, and mules (solipeds), but other animals, including mice, hamsters, guinea pigs, monkeys, lions, and dogs, are susceptible to this pathogen (3, 7) . Cases of human acquired glanders in the United States are uncommon since the implementation of quarantine strategies for imported animals in the 21st century (3) . Both human and animal glanders can occur in acute and chronic forms, depending on the route of exposure. For humans, acute glanders is acquired via the inhalational route (without treatment, death results within days) while chronic forms of the disease occur following cutaneous exposure to the pathogen (3) .
Various gram-negative bacterial pathogens utilize type III secretion (TTS) for toxin delivery (i.e., effector proteins) into the cytoplasm of infected cells, which in turn subverts host immunological responses to the microbe (2, 6) . Recent investigations have demonstrated that the B. mallei and Burkholderia pseudomallei animal pathogen-like TTSs, which are similar to the Salmonella Inv/Spa/Prg and Shigella Ipa/Mxi/Spa TTS networks, are important for in vitro and in vivo survival of these pathogenic Burkholderia species (9-12, 14, 15) . These gram-negative bacterial TTSs function to translocate bacterial effector proteins directly into the host cell, which allows bacterial pathogens to evade or alter host defenses (2, 5, 6) .
We have recently shown that the B. mallei ATCC 23344 animal pathogen-like TTS is essential for full virulence in BALB/c mice and Syrian hamsters (14) . In this investigation, we demonstrate that the B. mallei animal pathogen-like TTS is required for intracellular survival in J774.2 macrophages. Disruption of this TTS drastically reduced intracellular replication within J774.2 cells, prevented phagosomal escape into the host cell cytoplasm, and inhibited membrane protrusion and actin tail formation.
B. mallei strains used in this study. The bacterial strains used in this investigation, RD01 (bsaQ::pTSV3) and RD02 (bsaZ::pTSV3), have been described by Ulrich and DeShazer (14) . These B. mallei strains contain polar mutations (disrupted homologues of the Salmonella enterica serovar Typhimurium invA and spaS genes) within the animal pathogen-like TTS and are avirulent in both hamsters and BALB/c mice (14) . To analyze RD01 and RD02 in vitro, a broad-host-range expression plasmid (pBHR1) encoding the green fluorescent protein (GFP) was designed as previously described (8) and mobilized into RD01 and RD02 according to the methods of DeShazer et al. (4) .
Macrophage intracellular replication assays. To determine if disrupting the B. mallei animal pathogen-like TTS affects intracellular survival and growth, J774.2 macrophages were infected with either wild-type B. mallei, RD01, or RD02 at a multiplicity of infection of 10 bacteria per macrophage in sixwell plates. Cells were centrifuged for 5 min at 1,500 rpm and incubated for 1 h at 37°C with 5% CO 2 . Cells were washed three times with phosphate-buffered saline (PBS) and overlaid with medium containing 250 g/ml kanamycin to prevent the growth of extracellular bacteria. At 3, 6, 12, and 18 h postinfection, macrophages were washed and lysed with 1 ml of cold sterile water containing 0.1% Triton X-100 (Sigma, St. Louis, Mo.). Cellular lysates were serially diluted 10-fold, and bacteria were enumerated on Luria-Bertani plates (Fisher Scientific, Pittsburgh, Pa.) supplemented with 4% glycerol containing 100 g/ml trimethoprim (Sigma). All assays were performed in duplicate. As Fig. 1 depicts, Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number. 
DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release, distribution unlimited
SUPPLEMENTARY NOTES
The original document contains color images.
ABSTRACT
Burkholderia mallei is a highly infectious gram-negative pathogen and is the causative agent of human and animal glanders. By generating polar mutations (disruption of bsaQ' and bsaZ') in the B. mallei ATCC 23344 animal pathogen-like type III secretion system (TTS), we demonstrate that this bacterial protein delivery system is required for intracellular growth of B. mallei in J774.2 cells, formation of macrophage membrane protrusions, actin polymerization, and phagosomal escape. These findings suggest that TTS plays a role in the intracellular trafficking of B. mallei and may facilitate cell-to-cell spread via actin-based motility. and RD02 were cleared from macrophages while the number (9.8 ϫ 10 4 CFU) of wild-type B. mallei organisms remained consistent (Fig. 1) . At 18 h p.e., the number of wild-type B. mallei organisms reached 1.8 ϫ 10 7 CFU while RD01 and RD02 remained undetected, suggesting that TTS is essential for the intracellular survival of B. mallei within J774.2 cells (Fig. 1) . Interestingly, compared to B. pseudomallei macrophage intracellular growth (ϳ10 5 CFU at 12 h p.e.) (11), it appears that B. mallei proliferation is more pronounced in murine macrophage-like cells (1.8 ϫ 10
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7 CFU by 12 h p.e.) (data not shown). Since polar mutations were generated in RD01 and RD02 TTS gene complementation studies were not performed.
Mutagenesis of the B. mallei bsaQ and bsaZ TTS genes disrupts host cell actin tail formation. J774.2 murine macrophages were infected with wild-type B. mallei, RD01, or RD02 (each strain constitutively expresses GFP) as described above, with the exception that kanamycin was replaced with 30 g/ml gentamicin (Sigma) to retard the growth of extracellular bacteria (pBHR1 encodes kanamycin resistance). After 6 h of incubation, cells were washed once with PBS and fixed with 4% paraformaldehyde in PBS overnight at 4°C. Cells were permeabilized with 1% Triton X-100, and filamentous actin was stained red by overnight incubation at 4°C with Alexa Fluor 568 -phalloidin diluted to 5 U/ml in PBS (Molecular Probes, Eugene, Oreg.). Microscopic visualization (Nikon Eclipse TE2000-S inverted microscope equipped with a Spot-RT digital camera; Image Systems, Columbia, Md.) of J774.2 cells infected with wild-type B. mallei or each TTS mutant clearly demonstrated that the B. mallei TTS is involved in the induction of host cell actin polymerization (Fig. 2) . Consistent with a recent investigation (8) , Fig. 2A and D show that wild-type B. mallei ATCC 23344 is capable of causing host cellular actin rearrangements whereas RD01 and RD02 fail to promote actin tail formation. These findings suggest that B. mallei employs the Bsa TTS for intracellular trafficking and cell-to-cell spread.
Association of B. mallei with lysosome-associated membrane glycoprotein 1 (LAMP-1). To determine if the B. mallei animal pathogen-like TTS is involved in confining B
. mallei within host cell phagosomes, J774.2 macrophages were infected as described for actin polymerization analysis and the association of LAMP-1 with wild-type B. mallei, RD01, and RD02 was determined at 6 h postinfection in duplicate experiments. B. mallei strains constitutively expressing GFP were visualized by their green fluorescence, and LAMP-1 was detected with rat anti-LAMP-1 (1D4B; Department of Biological Sciences, The University of Iowa, Iowa City) and an anti-rat immunoglobulin-Alexa 568 (red; Molecular Probes) antibody. Bacteria were considered LAMP-1 associated if any region of the bacterial cell was colocalized with LAMP-1. For quantitative analysis (percent association), bacteria localized with LAMP-1 were determined for 500 bacilli of wild-type B. mallei, RD01, and RD02 and scored as LAMP-1 positive if the green fluorescent bacterial cells were surrounded by red fluorescent membranes (data not shown) (1) . As depicted in Fig. 3 , wild-type B. mallei was infrequently (18% of the bacterial cells analyzed) colocalized with LAMP-1 staining. In contrast, RD01 (97% of the cells) and RD02 (94% of the bacteria) were heavily colocalized with LAMP-1-positive phagosomes. In the majority of the macrophages observed, the pattern of LAMP-1 distribution differed between cells infected with wild-type B. mallei and those infected with either RD01 or RD02 (Fig. 3) . The LAMP-1 distribution in cells infected with wild-type B. mallei was perinuclear, whereas in the RD01 and RD02 infections, the LAMP-1 distribution was more uniformly distributed throughout the cell (Fig. 3) . A possible explanation for these differences in LAMP-1 distribution is (i) that LAMP-1 has not yet been recruited to the membrane or (ii) that the phagocytosed organisms, in particular, wild-type B. mallei, are able to escape into the host cell cytosol (Fig. 3) . The LAMP-1 staining pattern(s), in parallel with our actin polymerization assays, suggests that the B. mallei bsa TTS is involved in the access of this pathogen to the host cell cytosol, which, in turn, likely contributes to the differences in the LAMP-1 distribution patterns within macrophages infected with wild-type B. mallei and each TTS mutant (Fig. 2 and 3) . These results suggest that wild-type B. mallei is able to escape from phagosomal compartments, whereas RD01 and RD02 remain within the maturing phagolysosomes.
TTS and B. mallei phagosomal escape.
To further analyze the role of the B. mallei animal pathogen-like TTS, transmission electron microscopy (TEM) was employed to determine the intracellular location of wild-type B. mallei, RD01, and RD02 within J774.2 cells. For TEM, macrophages were infected with wild-type B. mallei, RD01, or RD02 (as described for intracellular replication assays) for 6 h and fixed at 25°C with 2.5% glutaraldehyde in a modified Millonig buffer for 16 h. Cells were stained en bloc with 0.5% uranyl acetate in ethanol. Samples were dehydrated in graded ethanol and propylene oxide and embedded in Poly/Bed 812 resin (Polysciences, Inc., Warrington, Pa.). Ultrathin sections were placed on 200-mesh nickel grids and stained with 5% uranyl acetate and 0.2% lead citrate. Figure 4 demonstrates that wild-type B. mallei is capable of endocytic escape, whereas RD01 and RD02 are confined within cellular phagosomes containing intact membranes. These findings imply that the B. mallei animal pathogen-like TTS is required for phagosomal membrane lysis and bacterial escape into the macrophage cytoplasm.
Several virulence determinants have recently been identified Macrophage-like cells were infected as described for intracellular replication and actin polymerization assays. Wild-type (WT) B. mallei, RD01, and RD02 constitutively express GFP (green). The phagosome-associated protein LAMP-1 was detected with rat anti-LAMP-1 and anti-rat immunoglobulin-Alexa 568 antibodies (red) at 6 h following infection at a magnification of ϫ630. Host cell nuclei were visualized with 4Ј,6Ј-diamidino-2-phenylindole (DAPI) stain (blue). Images are from representative slides obtained from duplicate experiments. The Detail column demonstrates that disruption of the Bsa TTS enhances the colocalization of LAMP-1 with RD01 and RD02 at 6 h p.e., whereas the majority of wild-type B. mallei cells (WT B) did not colocalize with LAMP-1 staining. The LAMP-1 staining pattern observed in the wild-type experiments and the low levels of bacterial colocalization are suggestive of bacterial escape into the cytosol. Furthermore, the wild-type bacteria are able to polymerize actin, resulting in membrane protrusions (WT A Detail), which is possible only if the bacteria have gained access to the cytosol.
for B. mallei, with the most attenuated strains resulting from disruption of genes involved in B. mallei capsule biosynthesis (wcbB) (4) and the TTS (bsaQ and bsaZ) (14) . In addition, we have shown that a B. mallei branched-chain amino acid auxotroph was significantly attenuated in an aerosol BALB/c and hamster model of acute glanders (13) . This investigation further shows the importance of the B. mallei animal pathogenlike TTS and how this bacterial protein delivery system is required for the intracellular replication of B. mallei in J774.2 murine macrophage-like cells, induction of host cell actinbased membrane protrusions, and phagosomal escape. Additional work is needed to further characterize the B. mallei animal pathogen-like TTS and to identify the secreted effector molecule(s).
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